Abstract. Trabecular morphology has structural trends which are strongly correlated with physical function. In vivo analysis of the trabecular pattern has the potential to predict and treat malgrowth of bone owing to altered loading conditions in an early phase. Using multiscale texture analysis we determine the orientation trend of the trabecular network from CT images. First studies show that the obtained orientations in healthy individuals agree with histomorphometric studies. In vivo analysis of trabecular microstructure, to monitor development and progress of bone diseases as e.g. osteoporosis, is severely limited since high resolution CT and MR systems achieve at best resolutions in the order of the size of individual trabeculae.
Introduction
Bone structure and mass are strongly correlated with mechanical loading. External forces shape bone, while bone structure and mass determine bone strength. We propose in vivo analysis of trabecular morphology for two reasons. Firstly, external forces cannot be measured in vivo, therefore altered loading conditions are only apparent after the shape of the bone is affected. The orientation of the trabecular pattern gives insight in the main routes of stress. In vivo analysis of this pattern enables to predict changed loading conditions in an early phase to limit the extent of malgrowth. Secondly, bone diseases as e.g. osteoporosis become only relevant in the case of fracture. If the (often symptomless) underlying structural changes in trabecular morphology can be quantified, treatment can be started and monitored.
In section 2 we briefly describe trabecular bone morphology, and the relation of mechanical loading to the routes of stress. In section 3 we introduce the structure tensor which is applied to analyze oriented textures. It describes the local orientation by deriving an angle image which is supplied by a confidence estimate. Eigenvalue analysis of the structure tensor can also determine whether the local structure is platelike or rodlike. In section 4 we present results on 3D CT data.
Trabecular bone
Human bone can be classified as compact (cortical) or trabecular, depending on its relative density [7] . Most bones have both types, the compact part appears as a dense shell of the bone, in contrast with the mesh appearance of the trabecular part, which covers the interior side of the shell. Bone is a living tissue that is continuously remodeled by actions of building cells (osteoblasts) and eroding cells (osteoclasts). Forces acting upon the bone play an important role in sculpting the internal structure and external shape.
Extensive histomorphometric studies, e.g. [3, 18, 7] have given considerable insight in trabecular bone structure. In healthy bone it consists of a connected network of platelike and rodlike elements, with a typical diameter of 100-300/zm and marrow spacings of 200-2000 #m. In order to visualize these structures in vivo, dedicated computed tomography methods are required [2, 6, 9, 13] . However, the trabecular pattern is already visible at lower resolutions, which can be appreciated from conventional CT and MR images with a typical resolution of 1-4 mm 3.
As early as the end of the previous century relations between structural parameters and bone strength have been observed. According to the trajectory theory of Meyer and Culman [12] : "routes of stress coincide with trabecular patterns", while Wolff's law states that [ 19] : "the internal structure and external shape of a bone develop in response to the change in function and forces acting upon it". The routes of stress are artistically visualized for the ankle in Fig. 1 and for the femur in Fig. 2 .
Some studies have already revealed relations between structure and mechanical loading. Gibson [7] showed that mechanical loading conditions influence trabecular geometry. Radiographic studies of the distal radius of children by Korstjens et al. [11] show that prevalence of trabeculae oriented perpendicular to the long axis of the radius decreases with age. Since the routes of stress appear at scales which are considerably higher than the individual trabeculae and vary within the human skeleton, we apply a multiscale texture analysis method based on the structure tensor [ 10, 15, 1 ] .
A number of theoretical studies haye fitted 3D models to the trabecular network in prepared specimens. Gibson [7] concludes that at low densities the trabecular network consists of rods while at larger densities the trabecular elements are platelike.
Anisotropic loading conditions lead to anisotropic structures. Fazzalari et al. [4] consider surface to volume relations to conclude that the trabecular structure may consist of either a plate and rod network or a connected rod network. Osteoporosis appears to erode platelike trabecular structures and even remove plates and rods [14] . Since the structure tensor can determine whether the local structure is platelike or rodlike it enables a quantitative comparison over time.
Methods
Image analysis tools have been applied to obtain objective meaningful features of an oriented texture in 2D images [10, 15] and, in general, n dimensional images [1, 8] . In the case of oriented textures, the most meaningful features are the angle image and the confidence image, that together constitute the so-called intrinsic images of the textured image [15] . In our work we model the trabecular pattern as an oriented texture.
The angle image specifies the dominant orientation at each point. To compute this orientation, it is sufficient to analyze the behavior of the image gradient in a given neighborhood. We assume that, at a given point, there is a single dominant orientation at most. Notice that the gradient of a function points into the direction of maximum change, and the dominant orientation is perpendicular to this direction. Two observations are crucial:
-The word dominantmeans dominant within a given neighborhood (window) of size tri centered at a given point x C ]R n, i.e. W(x; or1). The parameter a1 is known as integration scale.
-Since textured images are views of a world scene L, a measurement of L at x is necessarily performed using an operator of a certain size CrD which is known as the differentiation scale.
To obtain derivatives of L in a well-posed fashion we use concepts of linear scale space theory. In this framework differentiation is defined as convolution with derivatives of Gaussians [5] :
where the n-dimensional Gaussian is defined as:
For simplicity we first consider the 2-dimensional case. In this case the dominant orientation at each point of the image will be given by an angle in [-2, 2) (we are interested in the orientation, not in the specific direction; opposite directions should be identified). This yields a 2-dimensional array of angles that we coin the angle image.
To summarize, the steps to compute the angle 0(x; az; aD) are: i) compute the gradients VL(y; aD) V y C kV(x; crx). ii) determine the dominant orientation of these gradients: a(x; at;CrD) by averaging the squared vectors [10, 15] where Wy is a weighting factor, ly = IIVL(y;aD)II, and Oy denotes the angle between the X-axis and the gradient direction.
iii) determine the dominant direction, which is perpendicular to the dominant gradient orientation.
This reasoning is equivalent [8] to the eigenvalue analysis of the so-called structure tensor, which generalizes to n dimensions. The structure tensor can be represented by means of a symmetric and semi-positive definite n x n matrix M(x; cri; ~rD) = W(x; ~rS) * (VL(x; CrD)VL(x; ~ro) r) (4) where YV(x; ai) is convolved elementwise with the matrix. A suitable choice for the window is a Gaussian profile, i.e. W(x; ~rl) = G(x; ai). This choice implies that neighbors are weighted as a function of their distance.
The orientation c~ (x; ai; aD) of step ii) above is given by the eigenvector which corresponds to the highest eigenvalue of M(x; cri; aD). However, we have assumed that every point has a preferred orientation. To check this assumption we introduce a confidence (or coherence) measure to a given orientation; we associate a value C(x; at; az)) E [0, 1] to the angle 0(x; at; aD), which can be computed from the eigenvalues of the structure tensor [1, 8] . In the two dimensional case, for example, similarity of the two eigenvalues of the structure tensor implies isotropy and, as a result C (x; or1; aD) should be close to zero. A logical choice is a measure which checks whether the difference in eigenvalues (AA) exceeds a predefined threshold c, which is characteristic for Azx in the Eigenvalue analysis of the structure tensor also gives insight in the local structure. Rodlike structures yield two large and one small eigenvalue, while platelike structures yield one large and two small eigenvalues. 
Results
In Fig. 1 we plot the sagittal component of the orientation of the trabecular pattern for an in vivo ankle CT image. In the tibia the orientations agree very well. In Fig. 2 we plot the coronal component of the orientation of the trabecular pattern at two integration scales for the femur CT image. Since in large parts the orientation is not very accurately known we used the confidence image to select only the vectors for which C > 0.5, where e has been selected upon inspecting the trabecular pattern in the femoral neck. Cortical bone has significant influence on the estimation of the trabecular orientation, especially for higher scales. The orientation in the femoral neck corresponds qualitatively with the orientations in the artistic impression.
In Fig. 2 we plot the regions in which the pattern is rodlike and platelike. Note, however, that the resolution of the images is insufficient to quantify the shape of individual trabeculae. 
Discussion
We have presented the feasibility of in vivo studies of the trabecular orientation pattern. CT studies show strong correlation between the obtained orientations and data from histomorphometric studies. This shows the potential to detect altered loading conditions in an early phase, so treatment can be started to limit the extent of malgrowth.
A drawback of the presented method is that at one location only a single preferred orientation is present. We are currently considering texture autocorrelation to study multiple preferred orientations. However, these methods are more expensive from a computational point of view.
The presented method is also capable of analyzing the local architecture. However, to quantify structural changes at the level of individual trabeculae in e.g. osteoporosis resolutions of at least 100 x 100 x 100 #m are required. An MR study on the finger [9] shows that for the extremities these resolutions become in reach.
